Zinc oxide (ZnO) has attracted resurgent interest as an active material for energy-efficient lighting applications. An optically transparent crystal, ZnO emits light in the blue-to-UV region of the spectrum. The efficiency of the emission is higher than more "conventional" materials such as GaN, making ZnO a strong candidate for solid-state white lighting. Despite its advantages, however, ZnO suffers from a major drawback: as grown, it contains a relatively high level of donors. These unwanted defects compensate acceptors or donate free electrons to the conduction band, thereby keeping the Fermi level in the upper half of the band gap. This paper reviews recent work on hydrogen donors and nitrogen-hydrogen complexes in ZnO.
INTRODUCTION
Zinc oxide (ZnO) is an 'old' semiconductor that has attracted resurgent interest as an electronic material for numerous applications [1] . A wide-bandgap (E g ~ 3.4 eV) semiconductor, ZnO emits light in the blue-to-UV region of the spectrum. The high efficiency of the emission [2] makes ZnO a strong candidate for solid-state white lighting. ZnO is currently used as a transparent conductor [3] in solar cells [4] . It is also a UV-absorbing material in sunscreens [5] and the active material in varistors [6] . ZnO is preferred material for transparent transistors, devices that could be incorporated in products such as liquid-crystal displays [7] .
ZnO has practical benefits that make it an attractive material from an industrial point of view. In contrast to GaN, large single crystals can be grown relatively easily [8] . The environmental impact and toxicity are lower than most other semiconductors -ZnO is actually used as a dietary supplement in animal feed [9] . The low cost of zinc as compared to indium make it economically competitive for transparent conductor applications.
For ZnO to reach its potential, however, the role of donor defects must be understood. One such defect is hydrogen, a common impurity in ZnO. We have studied hydrogen donors using infrared (IR) spectroscopy and Hall-effect measurements [10, 11] . One donor species results in an IR absorption peak corresponding to O-H bond-stretching vibrations. This species is unstable, decaying in a few weeks at room temperature. By correlating the free-electron concentration with the IR absorption strength, we established that hydrogen acts as a shallow donor.
Novel schemes for introducing acceptor dopants must be investigated if ZnO-based devices are to become technologically and economically feasible. Toward that end, we formed nitrogenhydrogen (N-H) complexes in ZnO during chemical vapor transport (CVT) growth, using ammonia as an ambient [12] . The N-H bond-stretching mode gives rise to an IR absorption peak at 3150.6 cm -1 . Isotopic substitutions for hydrogen and nitrogen result in the expected frequency shifts, thereby providing an unambiguous identification of these complexes. The N-H complexes are stable up to ~700°C. The introduction of neutral N-H complexes could prove useful in achieving reliable p-type conductivity in ZnO.
Some of the information presented here will appear in an upcoming Focus Review article in Journal of Applied Physics.
EXPERIMENTAL DETAILS
IR spectra were obtained using a Bomem DA8 Fourier transform IR spectrometer, with a spectral resolution of 1-4 cm -1 . A liquid-nitrogen cooled InSb detector was used to collect the light. Low temperature (9 K) spectra were obtained with a Janis closed-cycle helium cryostat with zinc selenide windows. Hall-effect measurements (MMR, Inc.) were taken in the van der Pauw geometry with indium contacts.
The hydrogen donor work was performed using commercial single-crystal bulk samples from Cermet, Inc. For the nitrogen-hydrogen studies, polycrystalline and single-crystal ZnO samples were grown using chemical vapor transport. ZnO powder was placed at one end of a sealed ampoule, along with graphite powder, in an ammonia (NH 3 ) ambient. The ampoule was placed in a three-zone Mellen furnace, which provided a temperature gradient. Details are given in Ref. [13] . For single-crystal growth, a c-cut Cermet sample was attached to the cold end of the ampoule with a copper weld. The ZnO grew on the Cermet seed to a thickness of 1-2 mm.
DISCUSSION

Interstitial hydrogen donors
By measuring the pressure and polarization dependence of the O-H vibrational mode, and comparing to the predictions of first-principles calculations [14] , Jokela and McCluskey [15] attributed the 3326 cm -1 peak to hydrogen donors in the antibonding (AB ⊥ ) configuration [16] . The pressure dependence for various defect-hydrogen complexes in ZnO were calculated as well [17] .
However, muon-implantation experiments [18] and ab initio calculations [19] indicate that hydrogen donors should reside in the bond-centered (BC // ) configuration, not the AB ⊥ configuration. Experiments by Lavrov et al. [19] on hydrothermally grown ZnO samples revealed a hydrogen peak at 3611 cm -1 at liquid-helium temperatures, not the 3326 cm -1 peak that we observed. They attributed this peak to hydrogen in the BC // configuration. Seager and Myers observed a similar peak, although shifted and broadened, at room temperatures [20] . Work by Shi et al. [21] showed that samples annealed in hydrogen generally show the 3611 cm -1 and 3326 cm -1 peaks, but in different ratios depending on the type of sample. For example, Eagle-Picher samples show a strong 3611 cm -1 peak whereas Cermet samples show a strong 3326 cm -1 peak. This sample-dependent variation suggests that one or both of the peaks correspond to hydrogen complexes. Results from secondary ion mass spectroscopy (SIMS) show significant concentrations of Al in samples of bulk single-crystal ZnO obtained from Cermet Inc., Ga and B in samples from Eagle-Picher, and Si in both [22] . The SIMS results showed that Cermet samples contained significant concentration of Ca impurities, raising the possibility that the O-H donors that we observed are, in fact, complexed with Ca. First-principles calculations suggest that Ca impurities indeed trap hydrogen donors and may explain the 3326 cm -1 peak [23] .
Nitrogen-hydrogen complexes
A possible route toward p-type conductivity involves the incorporation of neutral N-H complexes, followed by annealing to drive out hydrogen. Jokela and McCluskey [24] reported N-H complexes in polycrystalline ZnO grown by chemical vapor transport (CVT) in an ammonia ambient. The N-H bond-stretching mode gives rise to an IR absorption peak at 3150.6 cm -1 . Isotopic substitutions of deuterium for hydrogen and 15 N for 14 N resulted in the appropriate frequency shifts. The N-H complexes were stable up to ~700°C. First-principles calculations that predicted that hydrogen attaches to a nitrogen atom, nearly perpendicular to the c axis [25] . The vibrational modes predicted by the calculations were in good agreement with the experimental observations of Jokela and McCluskey. Calculations show that the N-H bond is more stable than the O-H bond for interstitial hydrogen, also in agreement with experiment [26] .
Recently, we incorporated N-H complexes in single crystal ZnO, enabling us to perform polarized IR spectroscopy to determine the orientation of the N-H dipole. The results for IR light propagating perpendicular to the c axis are shown in Fig. 1 . For light polarized along the c axis (0°), the N-H absorption peak intensity is minimized. For light polarized along perpendicular to the c axis (90°), the absorption is maximized. These results are in agreement with the structure predicted from first principles calculations [25] , shown by the ball-and-stick model. The single-crystal ZnO:N,H sample was annealed in the air for 1-hr durations. The results of these isochronal anneals are shown in Fig. 2 . The resistivity increases for annealing temperatures greater than 600°C, consistent with the out-diffusion of hydrogen donors. For temperatures above 700°C, the N-H complex begins to dissociate. As grown, the sample had a carrier concentration of n ~ 5 X 10 17 cm -3 and a mobility of µ ~ 100 cm 2 /Vs. After the anneal at 745°C, the values were n ~ 3 X 10 16 cm -3 and µ ~ 60 cm 2 /Vs. It is not clear why the resistivity drops for higher temperatures. It is possible that contaminants such as In diffused into the ZnO and contributed to the n-type conductivity.
Interestingly, when polycrystalline samples are grown with small quantities of Mg and Ca in the ampoule, in an argon ambient, we observe the N-H peak. This may be due to a reaction between Mg (or Ca) and unintentional N 2 contaminants. We are currently investigating this phenomenon with isotopically enriched N 2 introduced into the growth.
CONCLUSIONS
If defects in ZnO can be controlled, it will emerge as an important material for energy applications. Hydrogen passivates nitrogen acceptors in ZnO, and also acts as a shallow donor. Our results on annealing N-H complexes suggest that it may be possible to achieve p-type conductivity through a suitable annealing schedule.
